Identifying the genes underlying quantitative trait loci (QTL) for disease is difficult, mainly because of the low resolution of the approach and the complex genetics involved. However, recent advances in bioinformatics and the availability of genetic resources now make it possible to narrow the genetic intervals, test candidate genes, and define pathways affected by these QTL. In this study, we mapped three significant QTL and one suggestive QTL for an increased albumin-to-creatinine ratio on chromosomes (Chrs) 1, 4, 15, and 17, respectively, in a cross between the inbred MRL/MpJ and SM/J strains of mice. By combining data from several sources and by utilizing gene expression data, we identified Tlr12 as a likely candidate for the Chr 4 QTL. Through the mapping of 33,881 transcripts measured by microarray on kidney RNA from each of the 173 male F2 animals, we identified several downstream pathways associated with these QTL, including the glycan degradation, leukocyte migration, and antigen-presenting pathways. We demonstrate that by combining data from multiple sources, we can identify not only genes that are likely to be causal candidates for QTL but also the pathways through which these genes act to alter phenotypes. This combined approach provides valuable insights into the causes and consequences of renal disease. Chronic kidney disease is a growing medical problem caused by various environmental and genetic factors. Identifying the genes underlying common forms of kidney disease in humans has proven difficult, expensive, and time consuming. However, quantitative trait loci (QTL) for several complex traits, including renal phenotypes, 1 are concordant among mice, rats, and humans, suggesting that genetic findings from animal models are relevant to human disease. With respect to chronic kidney disease, QTL analysis using mice is likely to contribute new findings in the near future.
Chronic kidney disease is a growing medical problem caused by various environmental and genetic factors. Identifying the genes underlying common forms of kidney disease in humans has proven difficult, expensive, and time consuming. However, quantitative trait loci (QTL) for several complex traits, including renal phenotypes, 1 are concordant among mice, rats, and humans, suggesting that genetic findings from animal models are relevant to human disease. With respect to chronic kidney disease, QTL analysis using mice is likely to contribute new findings in the near future.
In addition to mapping the causative loci, it is of equal importance to identify the pathways regulated by the loci so that we gain a better understanding of the processes that drive renal damage. One approach to identify the genes that are driven by certain loci is a method known as genetical genomics, in which gene transcripts are treated as quantitative traits and mapped in a cross in the same way as any other phenotype. 2 In this study we generated an F2 intercross between the kidney damage-susceptible SM/J (SM) and the nonsusceptible MRL/MpJ (MRL) mouse inbred strains. In addition to measuring the urinary albumin-to-creatinine ratio (ACR), we obtained a kidney expression profile from each mouse using Affymetrix arrays. This allowed us to identify the loci responsible for the difference in ACR between the two strains as well as the pathways that are driven by these loci in the kidney.
RESULTS

Differences in ACR between MRL and SM Mice Are Determined by Three Major Loci
Albumin and creatinine were measured in parental, F1, and 173 male F2 animals, and the ACRs were determined. In the parental animals only SM/J males show excretion of albumin. We observed a higher percentage of animals with albumin excretion in the F2 population compared with the F1 population, suggesting that some of the loci determining this phenotype are recessive (Table 1) .
A three-stage QTL analysis was performed using the ACR phenotype. First, a main QTL scan was performed ( Figure 1 ) in which significant QTL were found on chromosomes (Chrs) 1, 4, and 15 and one suggestive QTL was found on Chr 17 (data are summarized in Table 2 ). The allele-effect plots for these four loci suggest that the alleles are additive for the Chr 1 and Chr 4 loci and recessive for the Chr 15 locus, with the SM contributing to high ACR at all three loci. For the suggestive locus on Chr 17, it is the MRL allele that contributes to high ACR ( Figure 2 ). Second, a pairscan was used to detect interaction among loci, but no significant interactions were found. Lastly, a multiple-regression model for ACR was fit with the main effect QTL (Table 3 ). The estimated proportion of phenotype variance explained by the four main-effect QTL is 24%. By dropping one term (QTL) at a time and comparing reduced models to the full model, we estimate that the Chr 4 locus explains the most variance (6.84%) and is the most significant term in the model.
Identification of Tlr12 as a Candidate Gene That Determines Increased ACR in SM Mice
The Chr 4 locus at 53 centimorgans (cM) has been previously observed in an F2 intercross between C57BL/6J and A/J 3 (in which A/J contributed the high allele) and in a backcross between C57BL/6J and NZM/Aeg2410 4 (in which NZM contributed the high allele). Haplotype analysis can be applied under the assumption that the same gene underlies the QTL in all three crosses. In the analysis we assumed that the two strains contributing to the low allele were identical by descent, likewise for the three strains contributing to the high allele. In addition, we assumed that the high allele strains and low allele strains were different. We analyzed the 95% CI (from 66 to 130 Mb) using the Strain Comparison tool (cgd.jax.org/straincomparison). This resulted in 73 small regions containing only 42 genes, 41 of which had transcripts on the microarray (Table 4 ). For each of these genes, we tested for cis-linkage, performed a t test to identify significant differences between the MRL and SM alleles at the Chr 4 QTL loci, and used conditional genome scans as a graphical modeling technique to distinguish genes causal to ACR. Of these 42 genes, Tlr12 is the most differentially expressed gene between F2 homozygous SM animals for the Chr 4 locus and homozygous MRL animals, with MRL having a two-fold higher expression in kidney (P Ͻ 1.88 ϫ 10
Ϫ27
). This analysis revealed Trl123 ACR as the only causal relationship with significant change in the logarithm of odds (LOD) between ACR (LOD(ACR͉Trl12) ϭ 1.55) and the candidate genes in the Chr 4 QTL region (Table 4) . We confirmed these observations by staining MRL and SM kidneys with an antibody against the TLR12 protein. Figure 3 shows staining in the distal convoluted tubuli in MRL, with no staining in SM. Zhang et al. 5 showed that TLR12 (in their paper called TLR11) is involved in the host defense system against bacteria in the kidney and that inactivation of the gene leads to a higher susceptibility for renal infection. 4 Expression QTL in Kidneys Overlap the ACR Loci Kidney samples from 173 F2 males were processed on Mouse Gene 1.0 ST Affymetrix GeneChips. Single trait QTL analysis was performed on 33,881 transcripts. Genetic loci and intervals that are most strongly linked to the variation in gene expression were identified for each individual transcript. Because the physical positions of all transcripts is known, we can visualize the results in a two-dimensional scatter plot in which the x-axis indicates the position of the controlling locus and the y-axis identifies the physical chromosomal position of transcripts and their (Table 5 and Supplemental Table 1 ). Pathway enrichment analysis was performed on these transbands to detect over-represented KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways (Table 6) . Genes in the Chr 4 transband are enriched for glycan structure degradation (10/25), likely a downstream consequence suggesting kidney damage. Agt, which encodes angiotensin and is part of the renin-angiotensin system, had significant QTL in the Chrs 1, 4, and 17 transbands; additionally, six of the 17 other genes in this pathway are regulated by the Chr 4 locus, enriching the transband (P Ͻ 0.01). The Agt transcript is positively correlated to ACR ( ϭ 0.4 and P ϭ 1 ϫ 10 Ϫ6 ) and is regulated by many of the same loci. Genes in the Chr 1 region are enriched for the N-glycan degradation pathway (7/15) and leukocyte transendothelial migration (24/106). The Chr 17 region is enriched for antigen processing and presentation (21/79).
DISCUSSION
Mapping of QTL has proven to be successful in identifying genomic regions that are associated with multigenic diseases. A fundamental problem in analysis of this type is the subsequent identification of the causative gene, because often the large chromosomal intervals still contain hundreds of genes. Recent developments of bioinformatic tools use the growing genomic resources and the realization that, as loci are concordant between species, data from different Multiple regression was used to fit a QTL model for ACR. The full model explained 24% of the phenotype variance (P ϭ 2.4 ϫ 10 Ϫ7 ). Each locus is dropped from the model, one at a time, and compared with the full model with all of the main effect terms included. LOD is the log-likelihood ratio from the comparison of the reduced model and the full model. Variance (%) is the estimated proportion of variance explained by each term (locus).
species can be combined to narrow QTL regions for the identification of candidate genes. We applied these techniques along with graphical modeling methods to gene expression data to identify Trl12 as the most likely candidate underlying the Chr 4 QTL determining the difference in ACR between MRL and SM. In addition to mapping the QTL that are responsible for the difference in urinary albumin excretion between MRL and SM, we also mapped gene transcripts from the kidneys of the same F2 animals using microarrays. We found that the same loci driving the ACR phenotype also drive the expression of many downstream genes and pathways that directly relate to kidney function.
By using the ACR as a convenient measure for urinary albumin excretion in an intercross between MRL (which does not excrete any detectable albumin in the urine) and SM (which excretes albumin), we identified three signifi- The Chr 4 LOD scores for the ACR model (M0: ACR ϭ Q ϩ ) and conditional on the gene expression trait (M1: ACR ϭ Q ϩ GEX ϩ ), likewise, the GEX model (N0: GEX ϭ Q ϩ ) and the conditional model (N1: GEX ϭ ACR ϩ Q ϩ ). Transcripts that are cis-QTL at the suggestive level (P Ͻ 0.05) are indicated, along with the high allele and the P value for the ANOVA contrast MRL versus SM. Trl12 is the only candidate that upon conditioning reduces the ACR LOD peak below the suggestive level (P Ͻ 0.63). Conditioning Trl12 on ACR has little effect on the LOD score. Taken together, this suggests that Trl12 is the most likely upstream candidate gene.
cant QTL on Chrs 1, 4, and 15 and one suggestive QTL on Chr 17. Comparing these results with previous studies, recently summarized by Garrett et al., 1 we see that the homologous region of the Chr 1 locus has been mapped in a rat cross 7 and a human linkage study, 8 the Chr 4 locus has been mapped in two mouse crosses, B6 ϫ A 3 and B6 ϫ NZM, 4 and the homologous region of the Chr 15 locus has been mapped in a rat cross. 9 This concordance between loci can be used to narrow the interval and exclude genes in the region when we assume that it is the same gene underlying these loci. This method is best demonstrated for the Chr 4 locus, in which we used haplotype comparison to narrow the number of candidate genes to 44 genes. Graphical modeling techniques utilizing the microarray data revealed Tlr123 ACR as the most significant causal relationship. In addition, Tlr12 is known to be involved in kidney infection;
we therefore considered this to be the most likely candidate gene of the 44. Because there are no nonsynonymous singlenucleotide polymorphisms (SNPs) between the strains that were used in the crosses, according to the SNP databases of the Mouse Phenome Database (www.jax.org/phenome) and the Mouse Genomes Project at the Sanger Institute (www.sanger. ac.uk/resources/mouse/genomes/), we assumed that a difference in urinary albumin excretion would be caused by a difference in Tlr12 expression. Our microarray data showed a two-fold higher expression of the gene in MRL compared with SM, and staining in the kidney using an antibody against TLR12 supported this. The antibody stained the distal convoluted tubuli in MRL, but we did not observe any detectable staining in SM. In addition to finding the causative genes for ACR, it is also of major importance to identify the pathways that are associated with this phenotype. An effective way of doing this is by looking at the genes that are regulated by the ACR QTL. We observed that the regulation of many renal transcripts is controlled by factors that are located within the same intervals as for the ACR. This suggests that the same genes that are responsible for the differences in urinary albumin excretion between MRL and SM may also be responsible for differences in pathway regulation. To identify the pathways that differ between the two strains, we performed a pathway-enrichment analysis. Some of the most interesting pathways we identified are N-glycan degradation and leukocyte transendothelial migration controlled by the Chr 1 locus, glycan degradation and the renin-angiotensin system controlled by the Chr 4 locus, and the antigen-presenting pathway controlled by the Chr 17 locus. The involvement of the N-glycan pathway in the differences between MRL and SM makes sense in light of the differences in susceptibility to urinary tract infections. Often the first step in a bacterial infection is the recognition of host glycans by bacterial lectins and vice versa. A common urinary tract infection by Escherichia coli is mediated by the mannosespecific adhesin, FimH. Another example of bacterial lectins involved in infection includes the adhesin on uropathogenic P-fimbriated E. coli that recognizes galabiose. Infection caused by a decrease in TLR12 in the kidney, where bacteria will bind and degrade host glycans, will most likely lead to changes in expression of genes involved in glycan and antigen-presenting pathways.
In conclusion, in this study we demonstrated that we can identify QTL for urinary albumin excretion, and by combining previously published data and gene expression analysis, we can select testable candidate genes. Furthermore, gene expression data shed light on the pathways and genes that play important roles in the phenotype. This combination of data will provide valuable insight in the understanding of the causes and consequences of renal diseases.
CONCISE METHODS
Mice and Phenotyping
Female MRL/MpJ (MRL) mice were crossed with male SM/J (SM) mice; their progeny were intercrossed to produce 371 F2 animals. Because of the low penetrance of the phenotype in females, we used only the 173 males from the cross for this study. The mice were housed in a climate-controlled facility with a 14-h:10-h light-dark cycle with free access to food and water throughout the experiment. After weaning, the mice were maintained on a chow diet (5K52; LabDiet, St. Louis, Missouri). Spot urine samples were taken between 8 and 10 weeks, and albumin and creatinine concentrations were measured on a Beckman Synchron CX5 Chemistry Analyzer. Actual mouse albumin concentrations were calculated by linear regression from a standard curve generated with mouse albumin standards (Kamiya Biomedical Company, Seattle, Washington). 10 All of the experiments were approved by the Jackson Laboratory's Animal Care and Use Committee.
Genotyping F2 mice were tail-tipped at 2 weeks of age. DNA was extracted using the Gentra kit that utilizes a phenol/chloroform extraction method. DNA was genotyped by the High Throughput Sequenom and Illumina Genotyping facility (http://www.hpcgg.org/), using a 760-SNP array; 258 of these SNPs were polymorphic between MRL and SM for an average distance between markers of 5.5 cM, ranging from 0 to 25.1 cM. The genetic map was derived using Mouse Map converter, and SNP identifications were converted to the cM position. 11 
Gene Expression Profiling
Total RNA was isolated using the TRIzol Plus method according to the manufacturer's protocols including "on the column" DNase digestion. RNA quality was assessed using an Agilent 2100 Bioanalyzer instrument and RNA 6000 Nano LabChip assay (Agilent Technologies, Palo Alto, California). Total RNA was reverse transcribed followed by second strand cDNA synthesis. RNA was labeled and hybridized to the mouse gene 1.0 ST microarray (1M) following the manufacturer's protocols (Affymetrix, Santa Clara, California).
Data were imported into R (http://www.r-project.org/) and processed using the affy package from Bioconductor (http://www.bioconductor.org/). The data were normalized using robust multi-array average expression with no background correction. 12 Image plots, sample-based clustering, and histograms were used to detect sample outliers and technical artifacts. A custom cdf file mogene10stvmmenstcdfV11.0.1 was obtained from Brainarray (http://brainarray.mbni.med.umich.edu/brainarray/default.asp) and used to define 33,881 probe sets identified by Ensembl transcript identifications.
Quantitative Trait Locus Analysis
The gene expression data were transformed using a van der Waerden normal score. 13 The distribution of the ACR phenotype is skewed. We Table 5 . Genes annotated to kidney function in mouse that are present in more than one transband associated with ACR QTL The number of genes present in the transband is given, and the number of genes in the pathway represented on the microarray is indicated in parentheses. The MGI symbols (http://www. informatics.jax.org/) for the genes involved in each pathway on the transband are given.
transformed ACR to the scale log10(ACR ϩ 1) (Supplemental Figure  1) . The data were still non-normal because of the large number of unaffected individuals. To protect against spurious linkage that might arise from distributional assumptions, we applied a permutation test to derive the LOD thresholds. Conditional genome probabilities were calculated with a 2-cM step size and an assumed genotype error rate of 0.001. Genome scans were performed with Haley-Knott regression for Chrs 1 to 19 and the X chromosome. 10,000 permutation tests were performed for the autosomes, and 167,131 permutations were performed for the X chromosome for ACR and the gene expression traits. 14 The LOD score thresholds were set at the suggestive level (P Ͻ 0.63) as 2.23 for the autosomes and 1.44 for the X chromosome and at the significant level (P Ͻ 0.05) as 3.65 for the autosomes and 2.73 for the X chromosome. 15 Statistical analysis was performed in R/qtl. 16 A genome-wide level significant measure was calculated for each gene expression trait, and multiple test adjustments were made for the autosomes and X chromosome. The P values for traits (T i ) were calculated from the max LOD score for the autosomes (LOD max T i A ) and for the X chromosome (LOD max T i X ) and the corresponding permutations (Supplemental Figure 2) . The Q value package was used to estimate the false discovery rate and the proportion of null hypotheses ( 0 ). 17 A genome-wide threshold of Q value Ͻ0.1 was applied, yielding 8248 significant gene expression traits.
Conditional genome scans are used as a graphical modeling technique for estimating statistical independence between variables. In this approach, a QTL regression model for ACR (M0: ACR ϭ Q ϩ ) is compared with a model with the candidate gene expression trait (GEX) included as a covariate (M1: ACR ϭ Q ϩ GEX ϩ ) to determine the extent to which the candidate gene expression acts as a mediator of the QTL effect. Likewise, a QTL model for GEX is constructed (N0: GEX ϭ Q ϩ ) and compared with a QTL model that includes ACR as a covariate (N1: GEX ϭ Q ϩ ACR ϩ ). This approach has been used in graphical modeling strategies for QTL and expression-QTL data. 8, 19 We applied this strategy to infer causal relationships between candidate genes within the Chr 4 QTL region. In our application, GEX is causal to ACR if the following are satisfied: (1) after conditioning ACR on GEX, the LOD score in the Chr 4 region is reduced below the suggestive level (P Ͻ 0.63, LOD ϭ 2.23) and (2) after conditioning GEX on ACR the LOD score in the Chr 4 region is not reduced below the suggestive level. This is a stringent criterion that will reveal the most causal candidates.
Pathway Analysis
The Gene Ontology Consortium has established a controlled vocabulary, gene ontology, to describe gene and gene product relationships. 20 KEGG pathways have been developed to describe relationships over metabolic, signaling, and disease pathways. 21 Hyper-geometric tests were performed with the GOstats package with annotation from the package org. Mm.eg.db from bioconductor (http://www.bioconductor.org/) to detect over-represented KEGG and gene ontology categories in the QTL regions. 22 The gene universe (background) was defined as the 12,656 unique Entrez Gene Identifiers present in the data set. Gene sets were tested for significance at the threshold level P Ͻ 0.01 in KEGG and gene ontology categories. This type of pathway analysis reveals overrepresented pathways within the regions that overlap with QTL for the ACR phenotype.
Histology
After cervical dislocation, the left kidney from each of ten 13-weekold MRL and SM males was removed. The kidney was halved with a sterile razor blade and fixed overnight in 4% paraformaldehyde. The kidneys were paraffin embedded, sectioned, and stained with hematoxylin and eosin and Periodic Acid Schiff to determine the general histology of the animals. A section from each kidney was also stained with the primary antibody against TLR12 (ab47097; Abcam), using heat-induced antigen retrieval with Tris-EDTA on a Ventana Medical Systems Discovery XT Automated Immunostainer.
